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ABSTRACT

A series of small machined aluminum models were collapsed under ex-
ternal hydrostatic pressure to study the inelastic buckling of near-perfect ring-
stiffened cylinders made of strain-hardening materials. The predominant modes
of failure were general instability and axisymmetric shell buckling.

Comparisons of test results with the analyses of Lunchick, Krenzke, and
Kiernan show promising correlation but additional data would be needed for a
complete evaluation.

High bending stresses near frames did not noticeably affect axisymmetric
shell buckling strength. The presence of frame fillets, however, caused a sig-
nificant increase in general instability strength although bending =tresses in the

absence of fillets were ielatively low.

ADMINISTRATIVE INFORMATION

The work was spensored by the Bureau of Ships under Subproject
S-F013 03 02, Task 1951,

INTRODUCTICN

Recent efforts in the development of oceanvgraphic vehicles for operation at great
depths have led to the consideration of strain-hardening materials such as alviinum and tita-
nium alloy s for the pressure hull. Although new structural configurations are also being con-
sidered, it is expected that the conventional ring-<tiffened cylinder will =till find extensive
use as the major structural element in many future deep-diving vessels. Methods are therefore
needed whereby the collapse depths of stiffened eylindrical hulls made from strain-hardening
materials can be accurately determined.

One form of collapse that can occur under hydrostatic pressure is inelastic buckling of
the <hell between stiffeners in the axisymmetrice (spool-shaped) mode, Lunchick! has obtain-
ed a =olution for this case that takes the effects of strain hardening into account, but <o far
there have been insufficient experimental data for an adequate evaluation of his solution,

The objective of the present studies was to provide the necessary data through tests of small
machined models with near-perfect circularity having systematic variations in shell thickness,
frame spacing, and frame size — the parameters on which shell collaps~ strength was expect-
ed to be critically dependent. It was believed that many small models mass produced at low
unit cost and tested with no instrumentation would bring a greater re’urn than would a few ox-

pensive, elaborately instrumented models. In this way a wide parametric range could be

lReﬁ:rem:es ure listed on page 31.




studied at moderate cost. The models were designed to allow some overlap into the range
where nonsymmetric buckling (circumferential lobing) of the shell between stiffeners takes
place. The transition to this mode is reached as the frame spacing is increased or as the
shell thickness is reduced.

As the tests proceeded, however, it became evident that with the range of parameters
selected, failures could not he confined to the symmetric mode of shell collapse because of
the intervention of a third mode of failure. More often than not, the cylinders were found to
fail by inelastic general instability (nonsymmetrie buckling of frames and shell together), a
mode whici had not been believed critical because of the relatively short lengths of the cyl-
inders in question. That this had not been foreseen was due largely to the fact that no meth-
od was then available for estimating inclastic general instability strength. Since then an
analysis of the problem by Lunchick? and a semi-empiricel method by Krenzke and Kiernan
have been developed. Consequently the present series of tests ig also used to evaluate
these latter mothods. It should be realized, however, that because of the parameters select-
ed for study, those critically affecting general instability strength have received incomplete

coverage. The effects, for example, of frame shape and cylinder length have not been ade-
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quately explored.
The tests were conducted with 69 small ma chined aluminum cylinders. In this report
the collapse data are presented, comparisons with appropriate theory are made, and conclu-

sjons are drawn.

DESCRIPTION OF MODELS

Sixty-nine 2-in.-diameter ring-stiffened cylinders were machined from 7075-T6 alumi-
num alloy bar stock with a nominal yield strength of 80,000 psi. Each model had six external
frames. Although internal frames are normally used in hydrospace vehicle hull design, exter-
nal frames were chosen for this series of tests because of economy and ease of machining.
Furthermore, it was expected that local shell buckling strength would be sensitive to the
size of frames but not to their shape; hence all frames were rectangular in cross section.

The models were designed to produce a systematic variation in the nondimensiona}

parameters 0, AR, and A[/’IzL[

where

v is Poisson’s ratio,

Af is the cross-sectional area of the stiffener,



A is the shell thickness,
R is the radius to the midsurfacc of the shell,

L,

L is the unsupported shell length between stiffeners.

is the distance between frame centers, and

The ranges chosen (1.0-2.5 for 6, 0.0£-0.08 for A’R, and 0.2-0.5 for ‘4/}’1'[) covers the prac-
tical geometries for underwater vehicles of strain-hardening materials.

The measured model dimensions together with the yield strength of the material, as
determined by the 0.2 percent offset method, are presented in Table 1.

For identification of nominal parameters, the first two digits of the model number rep-
resent ), the third digit represents AR, and the fourth digit represents Af"bl,/‘ Thus, for
Model 15-26, 9 is 1.5, A'R is 0.02, and A///»L[ is 0.6. Compression specimens were taken
along the length of bar stock from which the models were machined. A typical compressive
stress-strain curve of the aluminum alloy used is shown in Figure 1. Ratios of £ E, E 'K,
and \/E':-E—‘E (where E is Young’s modulus, E, is the tangent modulus, and £ i« the secant
modulus) were determined from these stress-strain curves for various stress levels. Typical
plots of these ratios are also shown in Figure 1. These quantities are used in calculating
inelastic buckling pressures. A value of 10.8 x 109 psi for Young’s modulus was determined
by optical measurements: 0.3 was assumed for Poisson’s ratio.

An effort was made to minimize the detrimental effects of end conditions by decreasing
the length of the two end frame spacings. The spacing of the first frame from each end was
0.5 the spacing (L/) of the central frames, and the spacing between the first and second frames
was 0.9 Lf. To assess the influence of stress concentration on collapse pressure. 22 of the
models were duplicated geometries except for the addition of a 1.”32-'n. fillet radius at the
bulkhead-shell intersection and a 1,'64-in. fillet radius at the frame-shell intersections. These

model= are designated by the letter F following the model number,

TEST PROCEDURE AND RESULTS

Each model was tested to collapse under hydrostatic pressure in a 5-in.-diameter tank.
0il was used as a pressure medium. The models were filled with oil and vented to the atmos-
phere to absorb the energy releaxed at collepse. Pressure was applied in increments, each
being held for at least 1 minute. The last increme nt was normally less than 2 percent of the
collapse pressure. Some models collapsed as pressure was applied while others failed under
a constant load.

Table 2 gives the observed experimental collapse pressures, the adjusted collapse
pressure (which takes into account the additional load due to the external position of the
frames), and the mode of failure of the models. The adjusted collapse pressure is the equi-
valent pressure on a cylinder of constant radius equal to the outer radius of the model
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considered.* Figure 2 is a graphical presentation of the adjusted collapse pressure versus
the parameter 0 and contours of k/R and Af/hL[. In determining the values of 0 for those
models with fillets, the standard submarine design practice was used wherehy the faying
width of frame is taken to include two-thirds of the fillet width on each side of the frame.
This reduced the nominal values of 0 as follows: from 2.5 to 2.3, from 2.0 to 1.8, from 1.5
to 1.3, and from 1.0 to 0.8.

Photographs of the collapsed models are shown in Figure 3. It can be seen that ex-
tensive damage occurred and that in many cases the shell and frames were torn apart. Fig-
ures 3d-3i show that the presence of fillets markedly reduced the extent of this tearing. Mod-
els in the upper and lower groups of these figures have identical dimensions, but those in the
lower groups have fillets. It was observed (Table 2) that the models with fillets generally
had slightly higher collapse siwrengths than the corresponding models without fillets,

The great majority of models collapsed in the general instahility mode. Of the remain-
der, all except one appeared to have failed in the axisymmetric shell mode. The exception
(Model 25-24F) apparently collapsed ir ihe nonsymmetric shell mode. In this respect, the de-
sign of the models was succeasful since seme degree of overlap into this mode had been de-
sired. In some cases, particularly those models without fillets, the exact mode of collapse
waz difficult to distinguish hecause of extensive destruction; in others, the determination was
complicated by the appearance of more than one mode.

Table 3 gives a breakdown of the models in terms of their geometric parameters and
mode= of collapse. In three cases (25-22F, 20-22F, and 15-22F), calculations showed that
stresses at collapse were well within the elastic limit of the material. indicating that col-
lapse occurred by elastic general instability. It was noted that in these three cases, the
frames deformed within their planes of curvature whereas for those failing by inclastic gen-
eral instability, the frames twisted or folded out of their planes (compare, for example, 15-22F
with 15-26F or 10-51F).

Referring to Table 3. we see that all models having a nominal 0 of 1.0 collapsed by gen-
eral instability. Models 10-22 and 10-22F also showed axisymmetric deformations. Of the mod-
els having a nominal 0 of 1.5, those with A,/Lﬂ‘ less than 0.8 collapsed by general instability.
Models with 0 = 2.5 and A[,/th less than 0.6 likewise failed in that mode with the exception
of 25-24F. Local shell failures occurred in all cases where Af'/L/h = 0.8 and 0 was greater
than 1.0 and in those for which ALy, = 0.6 and 6 2 2.0. All shell failures were purely axisym-
metric except for Model 25-24F and two others (25-28 and 25-26) where small nonsymmetsic
deformations were also observed. Figure 3f is a good illustration of the changes in the mode

of collapse that ¢an result from progressive increases in frame size.

*In most of the theoretical analyses pertinent to this investigation, the pressure is taken to act at the middie
surface of the shell. Thus the additional load acting on all material extemnal to this surface is ignored. Where
Isrge external frames or relatively thick shells are concerned (as in some of the geometries considered here), this
difference can be significant. Rather than correct each of the computations to give a teduced theoretical pressure,
it wae found far more convenient and no less accurate to adjust each cbaerved collapse pressure upward in ac-
cordance with the load conditions to a pressure comparable to the original computed values.
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EVALUATION OF INELASTIC BUCKLING ANALYSES

Since two predominant modes of failure were observed in these tests, it is convenient
to group them accordingly before evaluating the various applicable collapse formulas.

Table 4 lists those models which collapsed by general instability together with the
ratios of theoretical pressures to the adjusted experimental pressures. The second column
lists the ratios for the Lunchick inelastic general instability analysis (Reference 2). The
next two columns give the results obtained using two semi-empirical formulas proposed by
Krenzke and Kiernan3 which, for these models, give almost identical results. These are 7,
(Equation [1] of Reference 3) and p,, (Equation [9] of Reference 3). Also listed in the table
is p_, the pressure at which the average circumferential stress in the frame-she.l combination
reaches the 0.2 percent offset yield stress of the material. Although not strictly applicable
to strain-hardening materials, this pressure is included to illustrate the critical nature of the
frame stress in the plastic general instability mode.

In general, these theoretical pressures are somewhat higher than the experimental
pressures, most coming within 15 percent. Moreover, there is little to choose between the
various formulas, at least for these models, since all theoretical pressures are in close agree-
ment (or each case. As was expected for short models such as these (see Reference 3), pres-
sures given by p, are slightly lower than those given by p,. However, the differences even
for the shortest models are at mmost about 3 percent. Lunchick’s pressures are consistently
higher than p_ but differ only by about the same percentage. It is noted that the models with
fillets generally had higher collapse pressures than the others, and in nearly every case, the
pres=ure is in excellent agreement with the calculations.

Perhaps a better way to examine differences between calculations and experiments is
through the use of a stability ratio diagram wherein trends may be more easily identified. Fig-
ure {1 is such a diugiam in which uic abscissa is p/'p,, where p_is the elastic general insta-

bility pressure computed by a modified version of the Bryant formula.3

Here p, is used as
representative of the three inelastic buckling formulas cited. The ordinate is p,/p,, p, being
the adjusted experimental collapse pressure. One can immediately see that for cases having
high margins of stability (i.c., where p_/p is small), the agreement between theory and exper-
iment is quite good. But for the less stable shells (larger values of p_,/p,), note that the ex-
perimental points tend to fall below the line (p,, = p,) although the agrecement is still good for
the models with fillets. The spread along the line p/p, =1 is probably due to varying elfects
of end conditions, which become more important as the elastic region is approached. The
three models represented by the points on that line all collapsed by elastic general instability.
It may be surprising to note that the presence of fil'ets appears to have had an impor-
tant effect on the general instability collapse strength., One might naturally think that the
benefits from reducing stress concentrations would be noticeable only in the casc of interframe




shell collapse and not for overall collapse. Actually these tests show that the converse was
true. Furthermore the maximum shell stresses at the {rames were relatively low for the gen-
eral instability models. In most cases these stresses, according to calculations, were less
than the yield stress at the point of collapse. This information plus many additional calcu-
lations may be found in the Appendix.

Table 5 lists the models that had local shell failures together with some pertinent
theoretical calculations. Expressing these results also in terms of ratios of theoretical to
adjusted experimental pressures, Column 2 gives the results for the Lunchick inelastic buck-
ling analysis,! which is the only one listed that accounts for strain hardening. The next col-
umn lists the results for the Lunchick *‘plastic hinge’® solution® which is really applicable
only in the case of an elastic, ideally plastic material. However it does take the bending
stiesses irnto account whereas the inelastic buckling analysis does not. The other four col-
umns list pressure ratios based on the Hencky-Von Mises yield criterion and the maximum
streas (Rankine) criterion as determined at critical locations using the analysis of Pulos and
Salerno.S These procedures are also applicable only to elastic, ideally plastic materials, but
they are included here for purposes of comparison.*

For Model 25-24F, the inelastic buckling analysis of Reference 7 for the nonsymmetric
mode rather than the Lunchick analysis! was used to compute the pressure ratio in the sec-
ond column. The last row in the table gives the spread in pressure ratios (maximum-minimum)
which should be an indication of the consistency of each method. The Lunchick inelastic
buckling analysis scores noticeably better on this basis, as it should, although it appears to
be generally nonconservative. The accuracy of this analysis appears to be best for thickest
models and poorest for the thinnest. This fact may be considered surprising since the varia-
tion in stress through the thickness is not taken into account in the analysis. Pressure ratios
in the fifth and sixth columns show that in many cases the bending stresses in the shell were
quite high. However they seem not to have serivusly affected the collapse strength of the
thicker cylinders, as indicated by the pressure ratios for the Lunchick inelastic buckling anal-
ysis. On the other hand, the Lunchick plastic hinge analysis appears to overestimate the ef-
fects of bending stresses in the thicker cylinders.

The presence of fillets seems to have had little effect on the collapse strength. This
can be seen by comparing pressure ratios in Column 2 for comparable models with and without
fillets. As previously noted, this fact was thought somewhat surprising, and it may be of con-

siderable importance.

*In all stress calculations, the analysis of Pulos and Salerno was modified to consider the axtemnal position
of the frames and the outside pressure radius, Ro was used in place of the radius to the midplane of the shell,
and the frame srea was adjusted according to a procedure given in Reference 6. This adjustment gives an equi-
valent frame area that, when located at the midplane of the shell, has the same capacity to resist radial forces
as the actual frame.




These osults can probably be seen more clearly by once again making use of a sta-
bility ratio diagram. In Figure 5, the abscissa is the ratio of the Lunchick inelastic buckling
pressure p, to the elastic buckling pressure p_ for the axisymmetric mode. The ordinate is
the ratio of the adjusted experimental pressure tv p.. The models with thickest shells appear
in the lower range (high margin of stability) of p, /p, whereas the thinnest shells appear in
the upper range. It is quite clear that the accuracy of the Lunchick analysis becomes poorer
as p, /p, increases. The reason for this is not clear. Since there is no noticeable difference
in the performance of the iodels with fillets and those without, even in tkr upper range of
P, /P, it cannot be snid that bending stresses at the frames are responsible for the poor ac-
curacy in this range.

Another possibility is that bending stresses at midbay have important weakening ef-
fects (these would not be substantially reduced by the introduction of fillets), but if this is
8o, the figure would indicate that they are impertant only in the upper (low stability) range
of p, ‘p,. The authors of Reference 8 have recently suggested that this may be the explana-
tion and have devised an empirical correction to the Lunchick solution in efforts to account
for it. Their procedure can be represented as follows:

The Lunchick inelastic buckling pressure p, is based on the membrane stress inten-
sity calculated at midbay. If p_, is dcfined as the equivalent pressure based on the stress
at the outer surface, ther p., < p, because the stresses at that location are alwuys greater
than the membrane stresses; p/” is the modified Lunchick pressure and is given by:

2
P 402 (= <10} (3, ~p,0)
%y

Loste <60
PoL

for

Pe

It is seen that when p, = p ;. 5 "= p,,, but when
’ 12y

P,
to a high margin of stability (—- = 0.163 in Figure 5). The formula applies only in the sta-

e

Pe
bility range stated. For —— > 6.0, the unmodified Lunchick pressure p, is to be used.
PoL
So far there has not been sufficient time to assess the accuracy of this formula with
the present data. However it appears that p;” should give closer agreement with the tests

than does p, .

= 6, p,"becomes p,. This corresponds
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DISCUSSION

When considering the resuits of this investigation (and the general instability data in
particular), it is important to realize that the original objectives have imposcd definite limi-
tations on the scope of the study. The data presented in Figure 4 cover a wide range of sta-
bility ratios, but this should not lead one to conclude thai the results represent a complete

. study of the parameters affecting general instability strength. The total cylinder length Ly,
for example, is one of the critical parameters, but it was not adequately covered because it
has no importance for local shell buckling. A practical vehicle might be as long a= 10 diam-
eters, but the longest cylinder (25-84) represented in Figure 4 is only 2 diameters long.
Frame shape, another important factor, has not been included in this study, all frames having
been rectangular in cross section. The margin of stability of many of the models probably
could have been improved by using more efficient sections. e.g., T-sections having the same
weight. Thus the upper range of p_/p, where agreement between theory and experiment is
poorest may be out of the range of practical frame design.

Another consideration is the relative stress distribution in the frames and shell. In
sach of the analyses evaluated in Table 4, it is assumcd that the frames and shell are equal-
ly stressed. Calculations show that this is not a bad assumption for the models tabulated,
but it is an approximation that becomes less accurate with increasing 6. Thus for larger
values of 0 than those investigated, it is possible that the shell could be stressed well into
the inelastic region before the frame stresses have reached the elastic limit. Such cases
mighi be studied with longer cylinders.

The position of the frame is asother factor to be considered. It is shown in Refer-
ence 6 that internal frames absorb a greater share of the total load on a section than do ex-
ternal frames of the same cross section. However, in all of the inelastic general instability
calculations tabulated here, the locativn of the frames is not taken into acccunt in the com-
putation of stress. That is, the stress intensity used to determine the reduced moduli £ and
£, is obtained with the frame area taken to be concentrated at ihe shell radius. Consequently
it might be expected that buckling pressures for a corresponding series of internally framed
cylinders would be somewhat higher and therefore in beiter agreement with the calculations,

By what mechanism the presence of fillets increases inelastic general instability
strength is a question not likely to be answered with the results at hand. Perhaps some addi-
tional tests using duplicates of a few selected models but with strain measurements taken on
and near the frames would provide informative data. It is significant to note, however, that
an actual welded structure would have fillets and that it is these cases in which theory and ,

e periment are in best agre ament.




In view of the small number of shell buckling failures observed, the data for this mode
of collapse also appear to be insufficient for a complete evaluation of the Lunchick analysis.
In particular, Figure 5 shows a conspicuous gap in the range 0.2 < /p, <0.35. This could
probabiy be filled in with some auditional cylinders having /R in the range 0.03-0.04. It
has also been pointed out that calculated midbay bending stresses for all models shown in
Figure 5 were relatively large and that they may be responsible for the poor correlation in the
upper range of p, /p.. To determine the validity of this suspicion, data are therefore necded
for models having the same range of p, /p, but with relatively low bending stresses. This
might be accomplished through the use of shorter models having lighter frames but with T-
cross sections to prevent general instability collapse.

It i= alco worth noting that the group of models at the upper end of the p,./'p, scale
probably do not represent realistic designs. The high bending stresses weuld no doubt bhe
unacceptable for a practical vehicle because of the possibility of fatigue and necessary al-
lowances for the presence of residual stresses and imperfections. It is therefore more likely
that lighter frames with closer spacings would be used, thereby reducing # and consequently
decreasing p, 'p . Weight considerations would naturally requ’e the use of a more efficient
frame <hape such as tho T so that further reductions in frame size would be possible, Use of
p, in the design of a practical vehicle is therefcre not apt to be required in the range where
it« reliahility is poorest,

Finally, it should he emphasized that these models were relatively free of the weaken-
ing influences of imperfections and residual stresses inherent in structures fabricated by con-
ventional techniques. Any conclusions as to the reliability o the various analyses for the
dexign of full-<cale hulls must therefore await tests of models in which such effects can be

studiod.

CONCLUSIONS

The following statements apply only for near-perfect eylinders made of strain-hardening

materials und 2tiffencd by external rings.

1. The present series of tests provide useful data on inelastic buckling in the axisymmetr,
and general instability modes but not enough, however, for a full evaluation of relevant theory.

2. For the two buckling modes, the analyses of Lunchick®? and Krenzke and Kiernan3
are likely to be unconservative in their predictions of collapse strength, when fillets are not
employed but should improve in accuracy as p..'p. is reduced.

3. The presence of high bending stresses near the frames did not noticeably affect the

avisymmetric shell buckling strength for the models tested.

 asw



4. Inelastic general instability strength in the range 0.5 < p_/p, < 1.0 can be increased
significantly by the introduction of frame fillets even though bending stresses in the vicinity
of the frames are relatively low when fillets are absent.
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TABLE 1

Measured Model Dimensions and Yield Strengths
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i-86 | 0.5557 2.037 [ 0.0820 | 0.287 | 3.552 80 M50 1528 | 0.190 | 0.023] 0.5206 ¢ 0.066 | 1.216 83 50¢
20-64 0.527 4 0079 | 1.083C | 0.230 ] 3.430 51 43¢0
2082 | usin] 0684 ] 06732 0.158 | 3.780 82 200 10-28 | 0.140 [ 0.078 ) €.N206 4 0.07 | 0.838 23500
10-% 0.i35 ] 0.024 ) 2.6209 | 0.068 | 0.863 83 560
1588 | C.444 | 0,100 | 0.0830 | 0.297 | 2.843 82709 10-24 ) 0.5 10.019 | 0.0203 | 0.0% | 0.82¢ 85,600
15-86 0.428 | 0.084 ) 008301 0.253 ¢ 2.74% 82 150 10-22 0124 | v."14 ] 0.0203 1 0.035 ] 0.793 S1RDD
15-84 0.413 | 0.068 1 4.0830] 0.202 | 2.638 83 00C
15-82 | 0.596 | 0.046, o.2830 | 0.140 | 2.507 83,360 15-58F 1 0.337 | 0.067 | 0.0511 [ 0.200 | 2.157 82 000
; 15-56F | 0.3:5] 0.0656 | 060507 { 0.174 { 2.087 82 000
10-88 0.313] 0.584 | 0.0833 | 0.244 | 2.002 83 50 15-54F | 0.313 ] 0.0421 0.0512{ 0.134 1 2.018 82.000
10-86 | 0.300 1 0071} 0.0820 | 0.240 | 1920 83 590 15-52F ) 0.300 ] 0.3 | 82910 | £.097 ] 192! 82 906
10-84 0.286 { 0.C% ) 0.0830 [ 0.187 | 1.830 83 400
10-82 | 0.269 [ 0.053 [ 0.0833 1 C.115 | 1.71$ 83 200 10-98F [ 0.235 | 0.055 ] 0.0515 | 0.169 | L.50" 82.000
10-56F | G.225 1 0.047{ C.0517 | 0.145 | L. #46 82.500
25-%8 | 0.532 0.085 | ¢.0513 | 0.294 | 3.405 83 000 10-54F | 0.216 [ 0.C36 ) 0.3510 ) 0.109 | 1.1%3 82,900
255 | 0.520 | 0.078 | w0510 ] 0.217 | 3327 83.060 10-92F ¢ 0.205 | 9.025 | ¢.0509 } 0.0/9 | 1315 83,40
25-54 | 0.506 [ 0.063 | 6.0513 ] 0.174 | 3.239 83.200
2552 1 0.487 ) 0.042 | 0.0511 | 0.123 | 2117 83 402 29-28F | 0.320 1 0.046 | 0.0707 { 0.122 | 2.048 83 400
2%26F ] 0.310 8 00301 0.0209 ] 6105 2.010 82.800
20-58 | 0.434 0.7, 1 0.0513 ) 02321 2778 83 600 2%24F] 0.307 | 0.029 | 0.0260 | 0.086 | 1.967 82 300
20-56 ) 0.424 ) C.067 | 50513 2034 ] 2715 83 600 2%22FF 0.298 ] 0.015 ] 0.0205 | 0.060 | 1.910 81.700
20-54 | 0.410 § 0.083 | 0.9511 ) 0.159 | 2.624 83.400
20-52 1 0.394 ] 0.037 | 0.0511 { 0.110 | 2.522 83 300 20-28F 1 0.260 | 0.036 | 0.0193 | 0.117 | 1.665 81,700
20-26F ) 0253 ] 0.030 § 6.0193 ) 0.097 | 1.626 81 300
1558 | 0.337]0.069 | 0.0506 | 0.201 | 2.157 83 200 20-24F ] 0.247 [ 0.026 | 0.0199 | 0.077 | 1,588 40,800
15-56 | 0.326 | 0.058 | 0.0513 | 9.174 | 2.085 83. 70 20-22F ) 0.241 ] 0.018 | 0.0197 | 0.054 | 1.538 80.400
15-5¢ | .0.315 | 0.047 | C.0513 ] 0.138 | 2.017 83 300
15-52 | 0.300 ] 0.032 1 0.0514 ] 0.097 | 1.919 87.500 1928F) 0199 | 0.033 | 0.6207 { 0.097 | 1.278 80,400
1$-26F | 0.196 | 0.028 } 0.0204 ] 0.08! | 1.25% 8i.100
10-58 0.235 1 0.057 § 0.0515 | 0.169 | 1.506 83.700 1524F | 0.190 | €.025 { 0.0208 | 0.067 { 1.217 81.700
10-56 0.226 | 0.048 | 0.0511 | 0.146 ] 1.44¢ 83.790 15-22F | 0.183 1 0.016 § 0.0203} 0.049 | 1.173 82.40C
10-54 1 0.217 § 0.040 | 0.0516 ] 0.114 [ 1.389 83,800
10-52 , 0.205 ] 0.027 | 0.0518 § c.078 | 1.311 84 100 10-28F { 0.139 ] 0.028 | 0.0213 | 0.079 | 0.889 82.400
10-26F | 0.137 ] 0.027 | 0.0207 ] 0.068 | 0.861 82,300
2528 | 0.320 { 0.043 ] 0.0200 ] 0.123 } 2.0¢3 13401 10-24F § 0.130 | 0.019 | 0.0199 | 0.057 § 0.832 82.300
2526 | 0.314 [ 0.036 | 0.0204 | n.106 | 2.008 80,600 10-22F 1 0.129 ] 0.0i5 ] 0.0200 } 0.029 | 0.79% 82,200
2524 | 0.307 1 0.630 | 0.0202 | 0.086 | !.965 84,300




TABLE 2

Experimental Collapse Data

Experimental Cotiapse Pressures Experimental Collapse Pressuras
{ Coll Al
Mode! Observed Adjusted* Mode of Collapse Model Observed Adjusted® Mode of apse
25-88 9,450 10,061 Anisymmetric 20-28 2,225 2,260 Axisymmetric
25-86 9,550 9,991 Axisymmeltic 20-26 2,150 2,176 Axisymmetric
25-84 8.950 9,123 1.G.1t 20-24 2,075 2,091 1.G.h
25-87 1,218 1,388 L.G.I. - -
15-28 2,400 2,438 Axisymmetric
20-88 18.600 11,251 Axisymmetric 15-26 2,360 2,388 1LG.).
20-86 3,750 10,201 1.G.J. 1524 2,060 2.076 1.G.L
20-84 8,800 9,072 LGk
20-82 7,400 7.515 161, 10-28 2,625 2,666 1.G.I.
10-25 2,360 2,388 LG
15-88 11,600 12.316 1LG.L 10-24 2,00 2,056 1.G.\.
15-86 10,000 10,458 LG.I 10-22 1,640 1,647 1.G.).
15-84 9,100 9,380 LG -
1587 7,650 1,766 1.G.1. 15-58F 7.400 1,681 Axisymmeltric
15-56F 6,750 5,943 1.G.).
10-88 12,130 12,846 1.G.). 15-54F 5,850 5,953 LG
10-86 10,650 11,140 .G 15-52F 49520 4,965 1.G.4
10-84 9,150 9,432 1.G.).
10-82 7,650 1,767 LG.L. 10-58F \ 7,700 7,949 1.G.I.
10-56F 6,800 6.996 LG.1
25-58 5,600 5818 Axisymmetric 10-54F 5,950 6,080 1.G.l.
29-56 5.600 5,764 Axisymmetric 10-52F 5,000 5,031 1.G.1.
25-54 5,550 5,653 1G4, - "
25.52 4,470 4,515 1.G.1. 25-28F 2,160 2,192 Axisymmelric
25-26F 2,080 2,100 Axisymmetric
20-58 6,300 6,546 Anisymmetric 25 20F 1,935 1,950 Nonsymmetric
20-56 6.300 6,484 Axisymmetric 25-22F 1,420 1,425 E.G.0H
20-54 5,450 5,557 LG -
20-52 4,500 4,545 1.G.1 20-28F 2,135 2,167 Anisymmesric
20-26F 2,100 2,124 Axisymmedric
15-58 7.050 1.326 LG.L 20-24F 2.060 2,076 LG.I.
15-56 6,400 6,588 1.G.1. 20-22F 1,520 1,526 £.G.1.
15-54 5.500 5,607 1.G.0.
15-52 4,600 4,645 LG, 15-28F 2,580 2,621 Axisymmettic
- 15-26F 2,400 2427 LG.L
10-58 7,250 1,538 1.G.1. 15244 2,180 2,197 1.G.}
10-%6 6,450 6.640 t.G.1. 15-22F 1,720 1,727 E.G.l.
10-54 5,625 5738 L.G.L
10-52 4,700 4,746 1.G.). 10-28F 2.840 2,884 1.G.1.**
10-26F 2,540 2,574 1.G.1.**
25-28 1.850 1,883 Axisymmetric*® 10-24F 2,180 2,198 LG.L
2526 1,960 1,992 Axisymmetric*® 10-22F 1,715 1,783 1.6
25-24 1,880 1,895 LG\

*Adjusted pressure

observed pressure «

where R 15 tre radius to outer surface of
frame and other terms are as defined previously.

R
rL +—ib]
e Ro

L

*¢Buckiing mode not clearly distinguishabdle,

tinelastic Gene'al Instahilily,
ttEiastic General Instabrlsty.
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TABLE 3

Collapse Mode Distribution

A

L h/R = 0.08 /R = 0.05 /R = 0.02
hL,

" 0.8 | 06 | 0.4 | 0.2 0.8 | 06 0.4 | 02 ] o8 | o6 | 04 | 02

T,

! 1 1 % IF

lF ]

Ll

1 2 2 ir IF

[ IIXTYRY) {%%

] 3 !

! ! IF IF ’,F

1)

i ) 1 1 ? 2 2 3 3
o ! byt T2 BT T TN ST T ST (Y
. A TTIYY) ane .9 . sinevde

General instabilily on one model
Shell failure on duplicate

Etastic general instabihity
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*} Calculations within 10 percent of test data,
Inefastic general instatility 2 Calculations and tes! data differ by 10-15 percent.
3 Calculations and test data differ by more than 15 percent.

Both designations within a square ndicate a dupltcated model,
Shell failure the F signitying the one with hillet radii.
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TABLE 4

General Instability Data

Raho of TheorEhcal to Musled Experimental
oliapse Pressure
Krenzhe-Kieinan Average
Model Lunchrek {Reference 3) | Circumfesential
(Reference 2) Yield
pl p-l p.
2584 1.04 1.02 [ 1.04 0.95
2502 1.08 1.05 11.07 1.00
20-86 1.06 1.03 1 1.04 0.97
20-84 1.08 1.04 | 1.06 0.9
20-82 11§ 1.08 |1.11 1.01
15-88 * 1.00 0.96 10.98 0.93
15-36 1.09 103 [1.05 0.97
15-04 110 1.03 |1.06 0.95
15-82 1.08 1.01 {107 0.99
10-88 0.99 0.93 [0.96 0.90
10-86 1.06 1.02 }1.03 0.92
10-84 1.06 1.04 [ 1.05 0.95
10-82 1.1 1.07 11.09 0.99
2554 L 1.06 {1.08 1.01
5-92 113 112 |12 1.08
20-54 110 110 JL12 1.02
20-52 L gLz 1.07
1558 1.7 1.01 |1.03 0.99
1556 1.06 1.05 §1.05 0.99
1554 110 1.09 {1.09 1.02
1552 114 LI jhi2 1.06
10-58 1.02 1.00 11.01 0.98
10-56 1.08 1.03 [1.05 0.98
10-54 1.12 108 110 1.01
10-52 L1 LI |12 1.0%
reril 1.26 L 112s 1.24
20-24 1.1 Lo Le 115
1526 115 113 Ji.14 1.12
15 17 116 |1.18 IRk}
10-28 * 11§ 112 JL12 112
10-26 L.16 L4 LIS 114
10-24 Ly 116 JL17 L3
10-22 1.24 Lae L 1.23
15-56F 0.9% 0.97 10.98 0.91
15-54F 1.00 0.97 }0.98 0.91
15-52F 1.01 0.97 {0.99 0.95
10-58F 0.96 0.93 Jo.54 0.89
10-56F 1.0} 0.98 §0.99 0.92
10-54F 1.07 101 1104 0.96
10-52F 0.98 0.95 }0.96 0.91
25-22F 0.93 0.93 J0.93
20-24F 1.06 0.98 }1.05 .07
20-22F 0.98 0.98 [0.98
15-26F 1.06 1.0¢ 11.0% 1.05
1S-24F 1.06 103 | 104 1.05
15-22F > 1.06 1.06 11.06
10-28F¢ 1.06 1.03 {1.04 1.04
10-26F ¢ 1.07 1.03 }1.06 1.0%
i0-24F 1.02 1.02 J1.02 1.03
10-22F 1.07 1.07 Jl.07 1.12

*Buckiing mcde not clearly dishingusshable,

**Elastic buckling,
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Axisymmetric Shell Buckling Data

TABLE 5

Ratio 7 Theotetical to Adjusted Experimental Coliapse Pressure
H

Lunchick , . .

inelastic Lunchick Hencky-Von Mises Maximum Stress*
Made! Buckling PH',aS"C deay Stresses* a, Inside | o Outside

(Reference 1) tnge Middie . at Frame | at Midbay
PL (Reference 4) Thickness Exterior
25-88 1.04 0.86 0.92 0.77 0.61 0.74
25-86 1.05 0.85 0.89 0.78 0.68 0.73
20-88 1.00 0.82 0.86 0.75 0.65 0.71
25-58 L1l 0.98 1.04 0.86 0.68 0.85
25-56 111 0.96 1.01 0.87 0.73 0.82
20-58 1.05 0.93 0.9 0.84 0.72 0.82
20-56 1.06 0.90 0.95 0.83 0.77 0.79
25-28 ¢ 1.21 1.13 1.23 0.96 0.75 1.01
25-26 ¢ .17 1.09 1.17 0.96 0.83 0.97
20-28 1.20 1.13 1.21 0.99 0.82 1.01
20-26 1.20 1.16 1.20 1.05 0.93 1.00
15-28 1.19 1.10 1.15 i.02 0.91 0.99
15-58F .99 0.83 0.85 0.79 3.7% 0.74
25-28F 1.19 1.10 1.19 0.96 0.80 0.98
25-26F 1.19 1.10 1.12 1.00 0.93 0.96
25-24F 1.10** 1.11 1.16 1.03 0.99 0.96
20-28F 1.17 1.09 1.17 0.98 0.84 0.98
20-26F 1.15 1.07 1.12 0.98 0.91 0.94
15-28F 1.16 1.02 1.05 0.96 0.92 0.91
Spread 0.21 0.34 0.38 0.30 0.38 0.30
*Stresses calculated using analysts of Pulos and Salerno.S
**Nonsymmetnic shell buckting. Theoretical coltapse pressure in this column obtained from
analysis of Reference 7.

+Buck!ing mode not clearly distinguishable.

i i e b b e Rt e et = e
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APPENDIX

SUMMARY OF TEST RESULTS

or reference purposes, a comprehensive tabalation of all test results and calculations

led here as Table 6.

TABLE §

Summary of Test Results and Calculations

W e —

Ratio of Theoretical to Adjusted Expe

Model 25-88 | 25-86 | 25-84 | 25-82 | 20-58 | 20-86 | 20-84} 20-82 | 15-88| 15-36 { 15-84 | 15-82 | 10-88 | 10-86 | 10-84 | 10-82 | 25-58 | 25-5¢
m Stress Criterion
itudinal, Frame 0.61]068] 082 1.19) 065} 0.77 | 0.95 1321 0.73 090} 1.07 1.42] 0.84] 099 1.21 1541 0681} 0.7:
ferential, Midbay 0.74 | 0.73] 0.76 § 0.89 | 0.71} 0.75 ] 081 {0.92} 0.7l 0.79} 0.83] 092§ o0.72f 0.78] 0.85] 0.93] 0.85] 0.8;
cky-Von Mises
ess Criterion
bay, Midplane 092] 089170921 1.06} 0867} 090} 0397 1.091 0.83 093] 0.97 1.07} 0.82} 0.89 0.98 1.08) 1.044 1.0
" dbay, Outside 0.77 10781084 1.02]0.75] 0.80 { 0.90 10§ | 0.77 087 0.93 .05 0.79 0.87¢F 0.96 10710861 0.8
ck Plastic Hinge* | 0.86 ] 0.85} 0.83 | 1.051 0.82} 0.86 | 0.94 1.07] 0.81 0.90} 0.95 106§ 0.8] 0.831 0.97 1.081 0.98 } 0.9
¢ Shell Buckling
ymmetric Mode” 5.37 1 5.21] 548 | 6.23 ) 6.31 | 6.86 | 7.39 8.521 8.37 9.66| 10.34) 12.10 | 13.86] 15.89| 18.98| 23.18] 3.61] 3.4
nmetric Mode* 8.55 ] 8.71 ] 9.43 j11.64 | 7.64 | 8.43 | 9.48( 11.44( 893} 10.52! 11.62{ 14.16] 16.58] 19.03| 22.48} 27.42) 5.841] 5.9
General Instabitity [ (2* | (D} @} @] @] (D () ] (2 (2 (3 {2 (2 (3 (KI BAN Y
drick Part 1512 5.79 1 393 ] 268 | 1.78 | 487 3.82 ] 2.89 2.26 1 4.45 .05 3.52] 281 5.12 5.23 4.22 3.041 3583 ¢ 27
ditied Bryant3 6.70 | 4.38 ) 2.86 | 1.81 | 5.32 | 413 | 3.07 2.29) 473 4.28] 162 2.54 5.12 5.09 4.27 2.79 ] 4.09 ] 3.0
tic Shetl Buckling
iymmetric Mode? 1.0€ ] 1.03 ] 106 107 ) LIS |~L2 §» L3 JLO9Y~ L1 |»> L2 > L3 |- L1 ] L s L1 §> 1
/¢ Mode (Lunchick)! | 1.04 | 1.05 ] 1.13 100 § 108 {>0L2 §~ L3 JLO6)> Lt |» L2~ L3 - L1 ] Ll Q= L1 §~ L1
: General Instability
q’ 1171 1.06 | 1.02 ] 105} 098] 1.03 | 104 1.08 | 0.95 .03 103 Lo7 | 0.93 1.02 1.04 1L.o71 L2727 1)
Lunchick? 116 ] 1.07 ] 1.04] 1.08 1.00 ] 1.06 |] 108 118 ] 100 1.09 1.10 1.08 ] 0.9 1.06 1.06 Lt} L300 Lg
%n A
- + e 1131099 ]095] 1.00{ 092 0.97 | 0.97 1.01 ] 0.93 097] 0.95] 099 0.9 0.92] 0.95] 0.99] L25] 1.}
o f
P,,’ 117 1 1.06 | 1.04 | 1.07 | 0.99 | 1.04 | 1.06 1117 0.98 1.05] 106 1.071 0.96 1.03 1.05 1099 1.3 | L
:d Mode of Collapse | I*° I i ] [ 1l m 1] il 1l 1] ] 1 n 1] ] | 1

etical number of circurferential lobes 1n parentheses.

Inelastic shell buckling (axisymmatric)
Inefastic shetl buckling (nonsymmetric)

Inetastic General Instability

Elastic General Instability




al to Adjusted Experimental Collapse Pressure

0-82 | 25-58 { 25-56 [ ¢5-54 | 25-52 §20-58 | 20-56 | 20-54 § 20-52 | 15-58 | 15-56 | 15-54 | 15-52 | 10-58 | 10-56 | 10-54 | 10-52 | 25-28 {25-26| 25-24
1541 068 ] 0.73] 084 ] L.25]0.72 | 0.77f 1.06 | 1.38 | 0.76 | 0.90 [ 1.13 | 151 0.91 1.05 1.27 1.62} 0.75 | 0.83 | 0.98
09310850 0.82) 0.81]0971082}079] 087099/ 0.78} 0.82 90 | 0.99 080} 0.85| 0911 099§ 1.0! [0.97] L0I
1.08] 1.04] LO1} 098] 1.15)099 | 0.95] 1.03 ] 1.16 | 0.90 | 0.96 § 1.05 | 115 0.91] 0.97 1.05 123 | L17] L22
1.07] 0.6 ¢ 0.87 | 0.89 | 1.09 | 0.84 | 0.837 0.96 | 1.12} 0.82 | 0.89 | 1.C. | L1I3 0871 0.94 1.03 0.96 | 0.96 | 1.05
1.0810.98 [ 0.56] 095 1.1310.93 090} 1.01 | L15,; 0.87 ] 0.93] 1.04 ] 1.14 0.89] 0.96 1.04 LIST L13 | LO9 | L16
73181 3.61f 3.47| 3.53 ] 421 | 4.43 | 4.32| 4.68 | 5.50 | 5.46 | 6.07 | 6.96 | 7.97 9.291 10.39| 12.55( 1538 L79 J L71| L.69
27,42 5.84 | 5.90 | 6.01 [ 7.5316.19 | 5.24 1 594 | 7.26 | 5.60 | 6.3 7.67-] 8.26 ¥ 1L14| 12.50 § 14.99| 1791 2.86 | 2.78 | 2.87
K] i 1) 2 3 () V3] ) 3 n (h (3 3 3 3) (3) (4) 3 &) 3
3.040 353 272 ) 2.06 ( 1.5/ y3.57 J 291 | 278 } 1.37 | 3.96 | 3.66 ) 2.64 | 1.81 4141 3.60 3.08 2211 249 185 1.23
2791 403} 3.04 ] 2.22| 1.62 1 3.94 | 3.12| 3.03 | 1.59 | 4.068 | 4.00 | 2.80 | L.79 444 N4 3.02 210 | 3.21 1217 | L.54
11 105 | 1.23 1.07 1.08 1 115 128 .40 > L1 ]+ L1 §> L2 |>» L3 | L14 | 113

1.1 108 | L.29 1.06 1.00 | 1.06 § 126 | 1.39 > L1 f> L1 |> L2 {> L3 | L27 | L17

o7 v27p L1e ) Lo6 | LIZ p L1337 1OS | LI0 | L11 | LOLJ 105 1.09 | L1} 1.00 1.03 1.08 Lil} 143 | L29 ] 1.24
LU L3 L2 L1 L3 LIS LI0)] LI L3} LoV | LO6 ) L10} L4 1.02 1.08 1.12 L13] 145 | 1.32) 126
099{ 125 iz | 1ot p 108§ 112 ) .01 102 ] 1.07 | 099 ] 099} 1.02| 1.06 098} 0.98 1.01 105 | 1.49 [ L29 | L24
109129 ) 118 | 1.08 | 12§ LIS J 106 112 112 ] 1.03 | L.0S | 1.09 | L12 1.01 1.05 1.10 1121 1.44 | 130 | 1.25
1] | | n ] ! ! 1 1] 1] n ] 11 Ih i 1 ] ) i | 1]

© e i o




TABLE 6 (Continued)

Ratio of Theoretical to Adjusted €

Moce! 20-28 | 20-26 §20-24 1 15-28 | 15-26 } 15-24 } 10-28 | 10-26 | 10-24 ) 10-22 | 15-58F | 15.56F | 15-54F ] 15-52F | 10-58F 10-56F § 10-54F § 10-52F
1 Stress Cntenon
tudinal, Frame 0821093 ft121091{ 101 128 1.05¢ L19] 1.42) 186 ] 0.75 0.96 1.09 1.41 0.87 1.03 1.19 1.52
erential. Midbay 1061 (100410071099 ] 09601 1.01] 095] 098] 104 1.17] 074} 0.76 0.82 0.90 0.74 0.80 0.86 0.9]
ky-Von Mises
ss Criterion ‘
“ay, Midpfane t2zvfr2o b ns b 1Sy iz ey 107 112f 1.20) 136) 085 0.89 0.9% 1.05 0.83 0.91 0.98 1.0¢
bay, Qutside 099 | 505109 102} 1.03] 113} 1027 1.08 A7 ] 134] 07e 0.33 0.92 1.03 0.81 0.39 0.97 1.0
k Plastic Hmge? LI f L6 | LIS 110 109 LI7) 1.05] L0} L1999 1.3%) 0383 0.87 0.94 1.04 0.83 0.90 0.98 1.0 \
¢ Shetl Buckiing
mmetric Mode® 209 1 2132201 2691 2774 3.09] 456( 503{ 5.35) 7.29] 5.8 571 6.4] 1.42 .69 9977 11.53] W1
metnic Mode? 24V 125212781 296 293} 340} 525} 586) 6.32) 7.89| 5.64 6.24 1.27 8.72 16.47 { 11.96{ 13.76| 166
Jeneral Instabifity 3 (3 14) 4 4 (4 ) (4 5 {6) 12 13 (N (3) td (3) (3} (4
rick Part N 238 1 2021 1391 270 189 ¢ 1.48 % 244 2174 170 127] 3.6 3.39 2.32 1.b1 3.83 3.39 3.37 16
Iified Bryant3 2751 2191 155 ) 2781 203} 157 248 2164 1.79] 126 3.88 313 .4 1.61 4.10 3.52 3.43 1.5
1c Shell Buckting
ymmelnc Mode” 1.20 1 119§ 1.20 1.2 {13 1.4 1.6 1.02 1.04 1.5 [> 11 > Ll > 12 > L
c Mode iLunchichod} 1209 1.20 | 1.20 1.2 ] 13 1.4 116 0.99 1.2 126 {> LY |> L1 > L2 |» L
Genera! Instability
q“ W3NS g Lz 2 113 116 ) r12f L4 el 124 o095 0.97 0.97 0.97 0.93 0.98 1.01 0.
tunchick? 133 P 128 i} 123 Lis) L7y sl Lieg Liz| L] 1.02 099 1.00 1.01 0.96 1.01 1.07 0.
W A, :
- (l -h-E-) L3328 sy 123 iz 13wtz vl L3l o123 092 0.91 0.91 0.95 0.89 0.92 0.96 0.
0 1
D_,.f 131 126 ) 1174 123 el e izt vist iz 24l 099 0.98 0.98 0.99 0.94 0.99 1.04 0
1 Mode of Coltapse } } i { T it It H 1] 1] ! m m il i ] t 1

atical number of circumferenlial lobes in parentheses.

nelastic shell buckling rax:symmetne)
inelastic sheif buckhing (nonsymmetnich
inelastic Generaf instabinhty

Elastic General instability
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g s s

mental Collapse Pressure

8F | 25-26F | 25-24F | 25-22F | 20-28F | 29-26F [ 20-24F | 20-22F | 15-28F | 15-26F | 15-24F | 15-22F | 10-28F | 10-26F | 10-24F { 10-22F
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